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Dark matter that participates in baryon-number violating interactions can annihilate with baryons
if the dark matter particle is not protected under discrete symmetries. In this paper we investigate
the dark matter - baryon annihilation in color-triplet extensions of the Standard Model, in which a
fermionic dark matter can become kinematically stable within a small mass range near the proton
mass. We demonstrate that the DM’s annihilation with nucleons can be probed to stringent limits at
large-volume water Cherenkov detectors like the Super-Kamiokande experiment, with the mediator
scale mΦ constrained up to 10
7 GeV. In case of a Majorana light dark matter, this constraint is
weaker than, yet close in magnitude to that from neutron-antineutron oscillation. In the Dirac DM
case, the dark matter- nucleon annihilation gives stronger bounds than that from the uncertainties
of the neutron decay lifetime. In a limited range of the DM mass above mp +me, the DM-nucleon
annihilation bound can be higher than the requirement from the DM’s stability in the Universe.
Given the strong limits from Super-Kamiokande, we find it below the current experimental capa-
bilities to detect indirectly the dark matter- nucleon annihilation signal in diffuse Galactic gamma
rays or from neutron star heating.
I. INTRODUCTION
The existence of dark matter (DM) is widely supported
by astrophysical [1, 2] and cosmological [3, 4] observa-
tions. Among many dark matter candidates, a non-
thermally produced [5–9] dark matter can participate in
baryon number violation (∆B 6= 0) processes [10–12].
Baryon number violation allows for nucleon destruction
and transfers matter-antimatter asymmetry between vis-
ible and dark sectors [5, 13], that may generate the cor-
rect baryon asymmetry and dark matter abundance at
the same time. An interesting aspect of such a light dark
matter is that it can stay kinematically stable [5, 8, 9]
within a narrow mass range close to the proton’s mass,
where the protection of a discrete symmetry may not be
needed1: a small dark mater - proton mass difference less
than the electron mass can avoid the weak decay of dark
matter, and also prevent the proton decay via the dark
matter’s mixing with the neutron through the baryon
number violating interaction. Recently this light dark
matter has also been studied for its role in a potential
semi-invisible decay of the neutron [14–16].
In case the dark matter is a Majorana fermion, high-
dimension ∆B = 2 operators can also be generated, and
the current most stringent constraints derive from the
Super-Kamiokande (SuperK) measurements on neutron-
antineutron oscillation [17] and dinucleon decay [18]. The
resulting bound on the baryon number violation scale is
106−8 GeV for operators involving the first two quark
generations, and 10 TeV [9, 14, 19] for the third quark
generation. Due to the GeV DM mass and relatively high
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1 In the absence of discrete parities, dangerous LHχ terms can be
avoided by introducing new symmetries on leptons.
interaction scale, the cosmic diffuse gamma ray search
and nuclear recoil experiments are less effective in prob-
ing the light dark matter. Resonance searches at colliders
can search for TeV mass mediators [20, 21].
In addition to the constraints on ∆B = 2 processes
that require the Majorana nature of the DM fermion,
∆B = 1 operators are available at lower operator di-
mension no matter whether the dark matter fermion is
Majorana or Dirac type. This leads to interesting mix-
ture between dark matter and a neutron, as studied in
the neutron decay case [14–16]. In this work we pursue a
different perspective of this mixing: the presence of anti-
DM (or DM itself in case it is Majorana) in the Galactic
halo allows for the annihilation between the anti-DM and
baryons inside terrestrial experiments’ detector materi-
als. The annihilation signal is a 2 GeV energy deposit in
the form of multiple light mesons, and flavored mesons
can also emerge in case the ∆B interaction involves heavy
quark (HQ) flavors. This final state has been readily
searched for at the large-volume water Cherenkov detec-
tors like the SuperK experiment for n − n¯ oscillation,
and it could also be interpreted into a bound on χ¯ − N
annihilation.
In this paper, we adopt the minimal extensions of
SU(3) triplet scalar [8, 9, 14–16, 19, 20, 22] to the Stan-
dard Model (SM) that couples to right-handed quarks
and dark matter. We briefly discuss the model lay-
outs in Section II and investigate the phenomena of dark
matter - baryon mixing and the annihilation signals in
Section III. The experimental sensitivity on annihilation
with be given in Section IV and compare with existing
limits from other baryon number violating processes. We
also discuss the galactic gamma ray signal, and neutron
heating limits that arise from dark matter - baryon an-
nihilation in Section V, and then we conclude in VI.
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2II. MINIMAL STANDARD MODEL
EXTENSIONS
The minimal phenomenological SM extensions [8] for
successful baryon number violation and dark matter in-
volve the addition of heavy SU(3) color-triplet scalar(s)
Φ and a singlet fermionic dark matter χ. Here we con-
sider two such implementations.
In model I, Φ is a color-triplet, isospin-singlet scalar
(3, 1)−1/3 with hypercharge Y = − 13 . The new interac-
tion Lagrangian terms are
L1 = λ1Φ∗χdR + λ′1ΦuRdR + c.c.
+m2Φ|Φ|2 +
1
2
mχχ¯
cχ, (1)
where R denote right-handed fermion fields and the color
indices are omitted. Here we write a Majorana mass for
the dark matter field χ as the minimal case. Alterna-
tive χ can also be a Dirac fermion, by replacing the χ
with χR at the cost of adding an additional χL to the
model. The range of mχ is mp −me < mχ < mp + me
[8], where the upper bound to prevent dark matter from
decaying to proton and the lower bound from proton
stability. One loop correction [8] to the χ mass is
δmχ ∼ (λ/4pi)2mχln(Λ/mΦ) where Λ is a cut off, and
it would not exceed me for λ ≤ O(0.1) with TeV mΦ.
In the non-thermal relic density production, dark mat-
ter and baryons originate from the decay of Φ fields [8],
the couplings λ, λ′ can carry complex phases to generate
necessary CP violation in the interference of the Φ→ qq′
decay with its self-energy diagrams [7]. For non-zero CP
violation more than one Φ fields are usually required [8];
for dark matter - baryon annihilation at GeV energy,
Φ can be integrated out as heavy field(s), and for con-
venience we consider the effective χ-quark operators for
one such heavy Φ. This can be interpreted as the Φ with
the lowest mass dominates the effective operator, and in
the presence of multiple Φ fields, the total contribution
can be proportionally summed up2.
The dark matter - triquark operator with ∆B = 1 is
derived by integrating out the heavy scalar Φ,
L ⊃ λ
′λ
m2Φ
(χuRdRdR) =
λ′λ
m2Φ
· β(χn), (2)
where the form factor β is defined as 〈0|uRdRdR|n〉 and
βudd ≈ 0.0144 GeV3 from lattice QCD [23]. This op-
erator is effectively an off-diagonal mass term between
the dark matter and the neutron, leading to a mixing
suppressed by m2Φ. For a Majorana χ, tree-level ∆B = 2
operators can be generated for n−n¯ oscillation, as shown
in Fig 1, by repeating the ∆B = 1 process with χ’s Majo-
rana mass insertion. Note in Model I all the three quarks
can be valence quarks, thus the light flavor operator is the
2 Interference is possible when multiple Φs are mass-degenerate.
most stringently constrained by the SuperK n− n¯ data.
Coupling to heavy quark flavors, in particular with the
3rd generation quarks, can more easily evade the n − n¯
oscillation constraints.
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FIG. 1. n− n¯ oscillation at tree level.
In model II, Φ = (3, 1)+2/3 couples to two down-type
quarks and its hypercharge Y = + 23 .The Lagrangian ex-
tension is given by
L2 = λ2Φ∗χuR + λ′2ijΦdRidRj + c.c.
+m2Φ|Φ|2 +
1
2
mχχ¯
cχ, (3)
where the subscript i, j denote quark flavors. The omit-
ted QCD indexes are antisymmetric with interchang-
ing the two down-type quarks in the second term, thus
dRi, dRj must couple to different quark flavors. Integrat-
ing out the Φ also gives the ∆B = 1 operator in Eq. (2),
and χ could also be replaced by its right-handed com-
ponent if χ is promoted to a Dirac fermion. Unlike in
Model I, the ∆B = 1 operator will include at least one
heavy down-type quark.
The dimension-6 ∆B = 1 operator allows the dark
matter to mix with neutron (udd). Thus the (anti) dark
matter (χ) can directly annihilate with the nucleon (N)
through such mixing and produce a final state of several
mesons, as illustrated in Fig. 2. Due to the close proxim-
ity to the proton mass, the final state is almost identical
to that of NN¯ annihilation.
N
ε
χ¯
n¯
mesons
FIG. 2. Light anti dark matter annihilates with the nu-
cleon (N) through mixing into antineutron n¯ and produce
a hadronic final state.
The dimensional mixing parameter ε = βλ′λ/m2Φ in
Fig. 2 is of mass dimension. The mass eigenstates are
then a slight rotation from {n, χ} by θ. In most of the
mass range we have ε  mn −mχ (see Appendix A for
the general case), the mixing angle θ is
θ ≈ ε
mn −mχ =
βλ′λ
m2Φ(mn −mχ)
, (4)
3hence the χN annihilation cross section can be written
in a simple way,
σχN ' θ2σNn¯, (5)
up to a tiny shift in the size of phase-space. In the fol-
lowing sections we investigate the signals from this anni-
hilation.
III. DARK MATTER - NUCLEON
ANNIHILATION
The light dark matter - nucleon annihilation occurs at
low relative velocities due to non-relativistic halo dark
matter velocity at the Earth. The annihilation cross-
section can be inferred from the low-energy cross section
of nucleon (N) and antinucleon (N¯) annihilation [24–31].
The parametrization of low energy p, n¯ annihilation cross
section can take the form σannpn¯ = a + b/Pn¯ [32], where
Pn¯ is the antineutron’s momentum and the empirical pa-
rameters a, b are fitted to experimental data, as given by
Ref. [27], σannpn¯ = 41.4 + (29.0 GeV)/Pn¯ mb in the mo-
mentum range 100-500 MeV. At low energy, s-wave is
the most dominant contribution [26, 28] for annihilation
cross section σpn¯, and σv approaches to a constant value
σv|Pn¯=0 = 44± 3.5 mb [29] in the low velocity limit.
For the annihilation with one nucleon inside the nu-
cleus (A), the n¯ − A annihilation cross section has been
analyzed with the data for six different nuclei (C, Al, Cu,
Ag, Sn and Pb) [30],
σ(Pn¯, A) = σ0(Pn¯)A
2/3, (6)
where A is the atomic number, and σ0(Pn¯) = a+ b/Pn¯ +
c/P 2n¯ (with a, b, c fixed to data).
As both protons (p) and neutrons (n) are present in-
side nuclei, σ0 is a weighted average: σ0 = ασpn¯(Pn¯) +
(1 − α)σnn¯(Pn¯), where Z is the number of protons and
α = Z/A. Among the tested elements, α varies mildly be-
tween 0.4 (lead) and 0.5 (carbon), the total cross-section
dependence on A agrees well with Eq. (6) and is insensi-
tive to α [30]. Therefore we consider the cross section for
both p− n¯ and n− n¯ to be identical with σ0, and adopt
the σpn¯ parametrization from Ref. [27].
As both processes are dominated by strong interaction
the n− n¯ cross-section is approximately the same as that
for p− n¯. With p− n¯ and n− n¯ identical with σ0, we then
obtain the annihilation cross section for dark matter and
a free nucleon (or within a nucleus) at low momentum,
by using Eq. (5)
vσχN ≈ 44× (βλ
′λ)2
m4Φ(mn −mχ)2
mb, (7)
vσχA ≈ 44× (βλ
′λ)2A2/3
m4Φ(mn −mχ)2
mb. (8)
IV. EXPERIMENTAL LIMITS
Now we consider the experimental bounds for the mχ
range abovemp−me, where the proton decay is kinemati-
cally forbidden. In the range |mχ−mp| < me, χ is stable,
and the χN annihilation can be detected at large-volume
Cherenkov detectors, along with existing n−n¯ oscillation
and n decay lifetime limits. For mχ > mp +me, we will
also consider the stability bound of χ as dark matter,
since χ can decay via mixing to neutrons or directly into
3 quarks/jets at a heavier mass. The χ decay lifetime will
be constrained to 1024−26s [33] by PLANCK [4] by the
impact on the CMB’s propagation. All the experimen-
tal bounds are summarized in Fig. 3. For convenience
we give the mΦ bounds assuming unity-value couplings
λ, λ′ = 1.
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FIG. 3. Experimental limits for mΦ versus ∆m = mχ−mp+
me from several models. The dark-green, red, cyan, magenta,
orange, blue (dashed) lines denote n − n¯ oscillation for first
generation at tree level, χ−N annihilation, neutron decays to
dark matter, n−n¯ oscillation for third generation at loop level,
dark matter decays to proton, dark matter decays to three
jets where one of three jets is from a b-quark, respectively.
The solid (dashed) line denotes stable (unstable) dark matter.
The dark matter can decay when ∆m > 2me. It only decays
to proton when 2me < ∆m < 2me + mpi and to three jets
when mχ > 10GeV. The χN annihilation bound is extended
(dashed) to mχ = 2. All curves assume Majorana χ.
The χN annihilation leads to a ∼2 GeV final state, and
it is the same signal as the n−n¯ oscillation in which a pair
of bound neutrons annihilate inside an oxygen nuclei, in
the large volume of water body at SuperK [17] or SNO
[34] experiments. While the n−n¯ oscillation rate per unit
volume is determined by water density and is subject to a
nuclear suppression factor [35], the free-streaming (anti)
dark matter directly interacts with nucleons in both hy-
drogen and oxygen elements and the rate is determined
by the local density in the Galactic halo,
dN
dt
= Aeffφχ = ηNTnχσχTvχ (9)
where subscript T denotes target nuclei. The ‘effective
area’ Aeff = ησχTNT is proportional to the detector mass
4and the experiment’s detection efficiency η. The dark
matter flux density is φχ = nχvχ and σχTvχ approaches
to the s−wave limit at the halo’s low v ∼ 10−3 velocity.
We take the dark matter number density at the Solar
system to be nχ ' 0.43 cm−3 (ρ = 0.4 GeV/cm3). For
Majorana type of χ, 100% of the local halo density con-
tribution; in the Dirac χ case, only the anti dark matter
(χ¯) component will participate in the χ¯N annihilation
and a reasonable estimate can be placed by assuming χ
and χ¯ each takes 50% of the halo density. Note that in
general the χ fraction may vary in nonthermal scenar-
ios, from highly suppressed fractions to nearly 100% in
models like the asymmetric dark matter case [36].
Here we adopt the SuperK n−n¯ oscillation search data
[17] to set the limit on χN annihilation. The SuperK con-
tains 22.5 kton fiducial volume of water and the number
of target hydrogen (proton) and oxygen from exposure
data are Np ' 6.13 ×1033 and No ' 3.06 ×1033 [17].
The 24 detected events during a 1489 live-day run is
consistent with all-background interpretation [17]. Here
we assume null result and place a 90% confidence level
bound by requiring the χN annihilation considering only
the statistical uncertainty of the number of background
events. With η = 12.1%, the SuperK constraint on mΦ
is ∼ O(107) GeV in the kinematically stable mass range
of Majorana χ, as shown in Fig. 3, and decreases 16%
for Dirac χ with a 50% halo density. The χN annihi-
lation bound is also extended into the unstable range
(mχ > mp+me), where the shape of the constraint curve
is determined by the mχ dependence of the χn mixing
angle θ. The sharp rise at mχ = mn is due to the van-
ishing of the mass difference which makes θ less sensitive
to mΦ for ε comparable or larger than |mχ −mn|.
For Majorana χ, ∆B = 2 operators lead to n − n¯ os-
cillation, and Refs. [9, 14, 19] studied the corresponding
constraints. For n− n¯ oscillation with first generation at
tree level and third generation at one loop level, the free
n− n¯ oscillation time is given in Ref. [9] and [14]
τ−1nn¯ '

β2λ′21 λ
2
1mχ
m4Φ(m
2
n−m2χ) , (1st gen.)
λ′42 λ
2
2mχ
16pi2m6Φ
Λ6QCDln
(
m2Φ
m2χ
)
, (3rd gen.)
(10)
where Λ6QCD is from the MIT bag model [37, 38]. The
SuperK lifetime limit is τnn¯ > 2.7× 108s [17], where the
first generation gives the strongest bound on in Fig. 3
than χN annihilation, as shown in Fig. 3.
A Dirac-type χ does not generate n− n¯ oscillation and
evades the stringent n−n¯ oscillation and dinucleon decay
bounds. Yet the ∆B = 1 operator still exists, and χ¯N
annihilation, χ stability constraints apply. Here we com-
pare the χ¯N annihilation results with those from χ decay
limits. The dark matter decay process χ → peν¯ occurs
via the χn¯ mixing, and the four-fermion interaction is
simply scaled by the mixing angle θ from the SM’s effec-
tive weak interaction operator for n→ peν¯ decay. For the
mass range mp+me < mχ < mp+me+mpi we compute
the χ decay by phase space since there is no other signifi-
cant final state. More complicated final states will rise for
mχ > mp+me+mpi and a full study for heavier χ decay
with a multiplicity in mesons is beyond the main focus of
this paper. Instead, we present the χ→ qqq decay limits
for a higher mass range mχ > O(10) GeV, where each
quark hadronizes individually into jet(s). The stability
bounds are shown by the orange and blue dashed curves
in Fig. 3.
The χ decay leads to gamma ray signals from final
state pi0 decay that can be probed by Fermi-LAT diffuse
gamma ray searches [39], and also by CMB polarization
data on the heating effect of the decay-injected photons
and charged particles [4]. With mχ below mp + me +
mpi, PLANCK gives leading constraint τχ > 10
24s [40].
For heavy χ → 3j decay, the Fermi-LAT limit for the
hadronic decay channel is τχ > 10
26s [39] that is more
stringent than the PLANCK bound τχ > 10
24s [33, 40].
Note the in the χ → peν¯ channel the electron energy is
only a small fraction of the mχ, the PLANCK bound is
scaled proportionally by the energy injection rate to the
DM→ e+e− limit at mDM ∼ 2Ee.
Recently Ref. [15] studied the neutron’s semi-invisible
decay n→ χγ in the Dirac χ case to interpret the neutron
decay anomaly [41–43], which gives |λλ′|/m2Φ ≈ 6.7 ×
10−6 TeV−2 at mχ=0.9379 MeV. For comparison, Fig. 3
illustrates this scenario as the cyan curve, and we find it
constrained by the χN annihilation bound.
A few notes are due about the heavy quark flavor cases
in Eq. (2) that are typical in Model II. By replacing one
light quark with a flavored one, Eq. (2) can mediate ∆s,
∆c, ∆b 6= 0 processes if kinematically permitted. For 1
GeV Majorana dark matter, D,B mesons are too massive
to be produced from low energy χN,NN interactions.
However, K meson production is kinematically allowed
and the dinucleon decay NN → KK via dimension-9
∆s = 2 operator is constrained to mΦ > 10
7GeV by Su-
perK measurement [18]. Heavy flavored operators can
also lead to χ − n mixing via the presence of heavy
quark inside a neutron, namely considering the effective
tri-quark form factors βc, βs, βb analogous to the β in
Eq. (4). Since the χN annihilation cross-section scales
as σ ∝ β2m−4Φ , the SuperK limit on mΦ scales β−1/2HQ for
heavy quark flavor cases. Such form factors are currently
unavailable and their evaluation in future lattice QCD
studies will be greatly helpful.
Still, one can circumvent the β form-factor suppres-
sion of the neutron’s heavy quark presence in a few ways.
Ref. [9] proposed a loop-level ∆b = 2 process where the
heavy (b) quark hides as internal lines and the external
fermions only involve valence quarks. The corresponding
n − n¯ oscillation bound is mΦ > 104GeV, as shown in
Fig. 3 (magenta). Note by inciting the β form factor we
assume the heavy fermion presence in the initial state of
NN¯ → pi(s) annihilation. However, this is unnecessary
as the heavy quark can also be the out-going fermion,
as illustrated in Fig. 4, where the χN → piK does not
suffer from an initial-state neutron’s βs. The two annihi-
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(b) n+ χ→ pi +K
FIG. 4. The dark matter interacts with neutron and produces
two mesons. Two processes with different down-type quark:
n+ χ→ pi + pi and n+ χ→ pi +K.
lation processes in Eq. (4) are kinematically similar, and
we expect σpiK from the ∆s = 1 operator to be compara-
ble to a σpipi generated by valence-quark-only operators,
up to a reduction in the final state phase space due to the
K,pi mass difference. While the SuperK dinucleon decay
data focused on pair-produced K meson signals, we can
still estimate the bound on NN → piK by scaling with
the kaon multiplicity and obtain an mΦ ∼ O(106−7) GeV
bound for the ∆s = 1 operator. Additionally, one may
consider operators by replacing more than one valence
quark with heavy quarks in Eq. (2), further reducing their
constraints from χN, n− n¯, NN interactions. For baryon
number generation at high energy scale, heavy-flavored
operators work equally well as 1st generation quark oper-
ators, plus characteristic flavored signals in high-energy
collider searches.
V. ALTERNATIVE SEARCHES
Hydrogen and helium are the two most abundant com-
ponents that make up nearly 99% [44] of the interstellar
gas in our galaxy. χN annihilation occurs between dark
matter and the galactic gas and produces a hadronic fi-
nal state, where the pi0 decay may yield a diffuse photon
signal. The photon signal intensity is written in a similar
way as that from dark matter annihilations,
dφγ(χN)
dEdΩ
= θ2
〈vσχN 〉
8pimχmN
dNγ
dE
∫
los
ρχρBds , (11)
dφγ(χχ)
dEdΩ
=
〈vσχχ〉
8pim2χ
dNγ
dE
∫
los
ρ2χds , (12)
where the integration over density profiles is along the
line-of-sight (los) direction. 〈σv〉 is the thermally aver-
aged annihilation cross section, and dNγ/dE is the final
state photon spectrum. Here we take 〈σv〉χN ≈ σvχN for
s−wave dominated annihilation at low velocity v ∼ 10−3.
The DM density ρχ follows the halo distribution, e.g. the
NFW profile ρχ = ρs(r/rs)
−1(1 + r/rs)−2 [45], where
ρs = 0.33 GeV/cm
3 and rs = 20 kpc. For the Galac-
tic diffuse gas distribution, we assume a simple hydrogen
density parametrization ngas = 0.0135(r/1kpc)
−1.5cm−3
in Ref. [46]. Note the diffuse gas density is typically two
orders of magnitude below the DM density. Given the
SuperK limit mΦ ≥ O(107) GeV, the annihilation cross-
section 〈σv〉χN ≤ O(10−41) cm3 s−1. Thus the χN signal
flux is significantly below the Fermi-LAT’s sensitivity [47]
of 10−30 cm3s−1 at 1 GeV DM-DM annihilation.
Dark matter - nucleon annihilation can lead to direct
energy deposit into stars. In addition, the Φ∗uRχ term
leads to χ − N scattering that allows for stars to cap-
ture dark matter [48], and it is not suppressed by χ−N
mixing angle. Both the free-streaming dark matter that
transverse stars, as well as those gravitationally captured,
may annihilate with stellar nucleons and provide a steady
heat source to cold and dense systems like aged neutron
stars [49]. A typical neutron star of ∼ 1.5 solar mass and
10 Km radius is opaque to the dark matter flow for an
χN annihilation/scattering cross-section greater than a
geometric threshold σth = 10
−45cm2 for mDM between
1 GeV and 106 GeV [50]. Note that in our case χ an-
nihilates with a nucleon and there is greater amount of
energy release per unit DM mass if compared to conven-
tional DM-DM annihilation cases. The energy deposit
thermalizes with the neutron star and is eventually ra-
diated away, raising the neutron star’s surface tempera-
ture. For recent DM-induced neutron star heating stud-
ies, see Refs. [51–54]. The SuperK’s χN bound requires
θ2 ≤ 10−26 and the direct χN annihilation is less than
10−51cm2. The average DM flux density through the
neutron star is
dNann
dt
= NNSnχσχNvχ (13)
where NNS = MNS/mn is the total number of neutrons
in the neutron star. Due to gravitational acceleration,
the DM gains an average of 35% kinetic energy after
falling into the neutron star, and with v ∼ 0.67 the
χN annihilation cross-section can still be well describe
by σannχn = θ
2σannnn¯ , where the parametrization is given
by σannnn¯ = 38.0 + 35.0/Pn¯(GeV) [29]. Then the direct
annihilation rate is ∼ 1016 s−1 for uncaptured DM that
transverse the neutron star. Since the annihilation rate
is far below saturation, DM capture by elastic scattering
would also contribute to the heating process.
Ref. [8] gave the TeV scale Φ mediated χN elastic cross
section as σSI ≤ 10−(15−16) pb for spin-independent (SI)
scattering and σSD ≤ 10−(5−6) pb for spin-dependent
(SD) scattering. σSI is suppressed by m
8
Φ and becomes
subdominant at large mΦ. In contrast σSD from the lead-
ing (χ¯γ5γ
µχ)(q¯γ5γµq)/m
2
Φ operator scales with m
−4
Φ . For
σela  σth the capture rate by neutron star is propor-
tional to σela/σth and with mΦ = 10
7 GeV the SD scat-
tering leads to ∼ 1010 s−1. This is still lower in compar-
ison with direct annihilation, and the energy deposit is
6dominated by direct χn annihilation.
The heating rate is E˙ = EtN˙f [50], where N˙ =
pib2vχnχ is the number rate of dark matter flux and b
is the impact parameter, f = σannχN /σth is the annihila-
tion efficiency, and each χ contributes energy equal to
Et = 2.35mχ. A neutron-star sized black body’s sur-
face temperature is Ts ' 134 K (107 GeV/mΦ) at mχ =
mp+me by assuming equilibrium between the DM heat-
ing and black-body radiation. To a distant observer this
temperature lowers to T ' 100 K (107 GeV/mΦ) due to
gravitational redshift, and is below the current experi-
mental sensitivities [55].
VI. CONCLUSION
In this paper we investigated the dark matter anni-
hilate with baryons (nucleons) through baryon number
violating extensions to the Standard Model. For these
models we assume color-triplet, iso-singlet scalar(s) and
a fermionic dark matter, in which the dark matter is
kinematically stable within a small mass range near the
proton mass.
The annihilation between dark matter and nucleon de-
pends the on the DM-neutron mixing angle, and the
cross-section can be determined from the nucleon an-
nihilation cross-section measurements. The mixing an-
gle given in Eq. 4 applies to both Dirac and Majorana
fermion DM cases, and it provides good probe to the
scale of the mediator mΦ. Due to the identical final state
between the n− n¯ oscillation and χN annihilation at the
SuperK experiment, we constrain the stringent limit mΦ
up to 107 GeV by re-interpreting the n−n¯ oscillation data
for the DM - nucleon annihilation. For Majorana-type
dark matter, the constraint is one order in magnitude
lower than the bound from neutron-antineutron oscilla-
tion. In the Dirac case, DM - nucleon annihilation gives
much stronger bounds than that from neutron decay life-
time uncertainties. We also extended the SuperK bound
into the mass range mχ > mp + me and compare with
the DM stability limits. For a small mass range as il-
lustrated in Fig. 3, the SuperK bounds exceed that from
DM stability.
For operators involving heavy quarks, DM - nucleon
annihilation occurs either via the heavy quark’s presence
in neutrons, or through the unsuppressed ∆s = 1 annihi-
lation processes as the K meson is kinematically allowed
in the 2 GeV final state. The ∆s = 1 annihilation can
also be strongly constrained by SuperK dinucleon data.
We then discussed the prospects of dark matter- nu-
cleon annihilation in the indirect detection of the Galac-
tic diffuse gamma rays, and in neutron star heating.
Given that the mΦ is severely constrained by SuperK,
a 〈σv〉χN ≤ O(10−41) cm3 s−1 for indirect detection, or a
heated neutron star temperature T ' 100 K are signifi-
cantly below the reach of current experiments.
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Appendix A: Dark matter-neutron mixing angle
The Lagrangian for dark matter and neutron (χ − n)
interaction can be written by
Lχn = mnnn¯+mχχχ+ εnχ+ · · · , (A1)
where mχ and mn are dark matter and neutron masses,
the mixing parameter in Eq. (2) ε = βλ′λ/m2Φ and the
ellipsis denote kinematic terms. We set N1, N2 are mass
eigenstates, as is illustrated in Fig. 5, and
(
N1
N2
)
= U
(
χ
n
)
=
(
cos θ sin θ
−sin θ cos θ
)(
χ
n
)
. (A2)
N1
N2
mesons
FIG. 5. Two mass eigenstates N1 and N2 annihilate to several
mesons.
The mixing matrix U can be written by using the
Eq. (A1)
U = C
(
1 −∆+
√
∆2+4ε2
2ε
−−∆+
√
∆2+4ε2
2ε 1
)
, (A3)
where ∆ = mn −mχ > 0 and C is a normalization con-
stant. The mixing angle can be written as
θ = arctan
(
−∆ +√∆2 + 4ε2
2ε
)
. (A4)
In most of the parameter space, ε/(mn−mχ) 1, the
mixing angle is
θ ' ε
mn¯ −mχ , (A5)
7and then
U '
(
1 εmn¯−mχ
− εmn¯−mχ 1
)
. (A6)
For ε/(mn −mχ) 1, the θ approaches to 45◦ and
U ' 1√
2
(
1 1
−1 1
)
, (A7)
which becomes maximal mixing and insensitive to ε.
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